Angiogenesis is an important process in endometrial development and embryonic implantation and is regulated through vascular endothelial growth factor (VEGF); its receptors Flt1 and KDR. Aim This work aimed to study the immunoexpression of VEGF receptors (VEGF-Rs) in the endometrium at different ages and reproductive phases and correlate them with the histological profiles in these phases.
Introduction
Vascular endothelial growth factor (VEGF) is a proangiogenic growth factor that acts as a potent mitogen for vascular endothelial cells [1] and has been shown to act as a cytoprotective agent, protecting these cells from apoptosis [2] . VEGF exerts its cellular effects through interaction with its transmembrane tyrosine kinase receptors Flt1 (VEGF-R1) and KDR (VEGF-R2) [3] . KDR is the principal mediator of the angiogenic effect of VEGF and its importance is highlighted by failure of KDR-null mice to develop organized blood vessels, resulting in lethality between embryonic days 8 and 10 [4] . The role of Flt1 in angiogenesis is less apparent and is a subject of debate. Some studies postulated that, during early embryogenesis, Flt1 is important in vascular modeling, and Flt1-null mutants die at midgestation with vascular overgrowth and disorganization [5] . Some reports have indicated that Flt1 has limited signaling activity and may act as a decoy receptor [6] , whereas other studies have implicated Flt1 in the Immunohistochemical study These antirat monoclonal antibodies are suitable for immunohistochemical staining of formalin-fixed paraffinembedded sections using the avidin-biotin-peroxidase complex technique.
Sections were dewaxed in xylene, rehydrated, and pretreated with 3% hydrogen peroxide for blocking endogenous peroxidase activity. Microwave-assisted antigen retrieval was then performed for 20 min. Sections were incubated overnight at 40°C with the corresponding antibody. After washing with PBS, sections were incubated with biotinylated IgG and then with streptavidin-peroxidase conjugate. Sections were then washed with PBS and incubated with diaminobenzidine for 5 min and counterstained with Mayer's hematoxylin. Cells positive for Flt1 and KDR showed cytoplasmic brown deposits. Positive tissue control experiments were performed by immunostaining a section of rat lung for Flt-1-positive and KDR-positive cells. Negative control sections were obtained by omission of incubation with the primary antibody [13] .
Quantitative morphometric analysis
The following parameters were examined using Leica Qwin 500 (Leica, Germany) image analysis: (1) Uterine wall thickness measured using an objective lens of magnification ×4 -that is, a total magnification of ×40. Measurements were taken in five randomly selected nonoverlapping fields at a magnification of ×400 per slide from five slides of each animal.
Statistical analysis
Statistical analysis was performed on Excel software. Data are presented as mean ± SD. Differences among the study groups were detected using one-way analysis of variance as the global test to determine any differences in data before comparing pairs of groups and then using the t-test to compare between two groups. P values less than 0.05 were considered statistically significant [14] .
Results

Histological results
H&E staining
Uterine sections of the prepubertal group showed a thin uterine wall with a narrow lumen and few short endometrial glands. The endometrial surface and endometrial glands were lined by simple low columnar epithelium. The underlying stromal cells were compact ( Fig. 1 ).
Uterine sections of the proestrus group showed increased uterine wall thickness compared with the prepubertal group, with a narrow lumen lined by simple columnar mediation of endothelial proliferation [7] , chemotaxis [8] , and cell survival [9] . Reports were conflicting with regard to the role of female sex hormones estrogen and progesterone in controlling angiogenesis. Angiogenesis is also tremendously important in early pregnancy for confirming successful implantation of mammalian embryos at the blastocyst stages into the uterine endometrium [10] .
Aim
The present study was planned to investigate the functional relationship between VEGF-Rs Flt1 and KDR expression during the different phases of the estrus cycle in albino rats for proper understanding of the vascular remodeling and angiogenesis of the endometrium, monitored by histological and immunohistochemical studies.
Materials and methods
The original research was approved by the ethics committee at the Histology Department, Faculty of Medicine, Cairo University (Cairo, Egypt) and followed international ethics and regulations for animal research in laboratory applications [11] .
Animals
Seventy female albino rats locally bred at the animal house of the Faculty of Medicine, Cairo University, were used in this study. The animals received a standard diet for rats and were allowed free access to water.
They were divided into seven groups, each consisting of 10 rats: one group comprised rats in the prepubertal period at age 4-6 weeks; five groups comprised rats in the pubertal reproductive period at age 6-10 monthsthe proestrus, estrus, metestrus, diestrus, and pregnant groups -and the seventh group comprised in the postmenopausal period at age 15-18 months. The rats were sacrificed and their uteri were removed, processed for paraffin sections, stained with H&E, and subjected to immunohistochemical staining for VEGF-Rs Flt1 and KDR.
Methods
Rats from all groups were anesthetized with thiopental sodium at a dose of 50 mg/kg injected subcutaneously before being sacrificed. A midline incision was made in each animal. The uterine horns were dissected and specimens were processed for paraffin sections. Serial sections of 7-μm thickness were cut and subjected to the following stains:
(1) H&E to examine the histological profile of the endometrium in the different age groups and in different phases of the estrous cycle [12] . (2) Immunohistochemical staining of uterine sections for VEGF-R antirat monoclonal antibodies VEGF-R1 and VEGF-R2, known as Flt1 (kit RB-9049-R7) and KDR (kit RB-9239-R7), respectively, obtained from NeoMarkers, Lab Vision Corporation (Westinghouse, California, USA).
In the metestrus group, moderate cytoplasmic Flt1 and KDR immunoreactivity was detected in the endometrial surface, glandular epithelium, and stromal cells. Endothelial cells showed strong cytoplasmic reaction (Figs 14 and 15, respectively).
In the diestrus group, endometrial surface epithelial cells and the glandular epithelium showed moderate cytoplasmic Flt1 immunoreactivity. Endometrial stromal cells and endothelial cells exhibited weak cytoplasmic reaction (Fig. 16 ).
In the diestrus group, weak cytoplasmic KDR immunoreactivity was encountered in surface epithelial endometrial cells, glandular epithelial cells, and endometrial stromal and endothelial cells (Fig. 17 ).
In the early pregnancy group, moderate cytoplasmic Flt1 immunoreactivity was detected in endometrial surface epithelial cells, glandular epithelial cells, endothelial cells, and surrounding stromal cells, whereas strong positive immunoreactivity was encountered in the embryonic cells of the blastocyst (Fig. 18 ).
In the early pregnancy group, endometrial surface epithelial cells and glandular epithelial cells, endometrial stromal cells, and endothelial cells showed moderate cytoplasmic KDR immunoreactivity. Embryonic cells of the blastocysts also exhibited moderate immunoreactivity (Fig. 19 ).
In the postmenopausal group, negative cytoplasmic Flt1 and KDR immunoreactivity was encountered in the endometrial surface epithelial cells, glandular epithelium, and endometrial stromal cells and endothelial cells (Figs 20 and 21, respectively).
Morphometric results
Analyses of variance among groups as regards uterine wall thickness and Flt1 and KDR optical density in the endometrial surface epithelium, glandular epithelium, stromal cells, and endometrial endothelial cells showed that, in each parameter, there was statistically highly significant variance among the groups (P<0.05).
Hence, comparison between two groups at a time with respect to these parameters was performed using the Student t-test and the results are summarized in Tables  1-3 and Histograms 1-3. Table 1 and Histogram 1 summarize the results of the mean uterine wall thickness in different age groups.
The greatest uterine wall thickness was detected in the diestrus phase, whereas the least thickness was detected in the prepubertal group. Statistical analysis using the t-test showed statistically significant differences when comparisons were made between each two groups, except between the estrus and metestrus phase, which revealed statistically insignificant results. epithelium. There were few short endometrial glands lined with simple low columnar epithelial cells with vesicular nuclei. The underlying stromal cells were compact (Fig. 2) .
The uterine wall of the estrus group was thick. The endometrial lining was pseudostratified columnar ciliated. There were tall endometrial glands that increased in size and became tortuous and lined with simple columnar epithelial cells. Some of the stromal cells showed vacuolations with pyknotic nuclei (Fig. 3 ).
In the metestrus group, uterine sections revealed a thick uterine wall. The endometrial lining was pseudostratified columnar ciliated. There were many tall and wide endometrial glands lined with pseudostratified columnar epithelial cells with vesicular nuclei. Some of the endometrial surface epithelial and glandular cells appeared vacuolated with fragmentation of chromatin material. Mitotic figures were seen in the underlying stromal cells (Fig. 4 ).
In the diestrus group the uterus showed a markedly thick wall. The endometrial lining was pseudostratified columnar ciliated. There were numerous tall endometrial glands. The endometrial glands were lined with simple or pseudostratified columnar cells with vesicular nuclei. Some cells with pyknotic nuclei were detected in surface epithelial and endometrial stromal cells (Fig. 5 ).
In the early pregnancy group, the uterine lumen was partially obliterated by the blastocyst. Patent parts of the uterine lumen appeared in between the blastocysts. The endometrium was lined by pseudostratified columnar ciliated epithelium. Well-developed subepithelial capillary plexus was present. Endometrial glands were lined with simple columnar cells. Stromal cells appeared rounded and widely separated (Fig. 6 ).
In the postmenopausal group, sections in the uterus showed marked reduction in the thickness of the uterine wall. The endometrium was lined by simple cuboidal or low columnar cells. Endometrial glands were scarce, extremely short, and lined with simple cuboidal or flattened cells (Fig. 7) .
Immunohistochemical results
In the prepubertal group, endometrial surface epithelial cells and the glandular epithelium showed weak cytoplasmic Flt1 and KDR immunoreactivity. Endometrial stromal cells and endothelial cells showed negative reaction (Figs 8 and 9, respectively).
In the proestrus group, strong positive cytoplasmic Flt1 and KDR immunoreactivity was detected in endometrial surface epithelial cells, in the glandular epithelium, endometrial stromal cells, and endothelial cells (Figs 10 and 11, respectively).
by the estrus phase. The diestrus phase showed the mildest expression. Prepubertal and postmenopausal groups showed negative results. Statistical analysis using the t-test showed statistically significant results between two groups, except between the proestrus and estrus phases, which gave statistically insignificant results.
As regards endometrial endothelial cells, the greatest expression was detected in the proestrus and estrus phases. The diestrus phase showed the mildest expression. Prepubertal and postmenopausal groups showed negative results. Statistical analysis using the t-test showed statistically significant results between two groups, except between the proestrus and estrus phases, which showed statistically insignificant differences.
As regards reaction in the endometrial epithelial cells, the density of reaction was highest in the proestrus group followed by the estrus group. The prepubertal group showed the mildest expression, whereas the postmenopausal group showed negative results.
Statistical analysis using the t-test showed statistically significant differences when comparisons were made between two groups, except between the proestrus and estrus groups, which revealed no statistical significance.
As regards endometrial glandular cells, the mean optical density peaked in the proestrus phase followed by the estrus phase. The mildest expression was documented in the prepubertal age group. The postmenopausal age group revealed negative results.
The comparison between two groups revealed statistically significant differences, except between the estrus and proestrus phases.
As regards endometrial stromal cells, the density of reaction was highest in the proestrus phase followed by the estrus phase. The diestrus phase showed the mildest expression. The prepubertal and postmenopausal groups showed negative results.
Statistical analysis using the t-test showed statistically significant differences when comparisons were made between two groups, except between the following pairs, for which no statistical significance was observed:
(1) Proestrus and estrus phase.
(2) Metestrus and diestrus phase.
As regards endometrial endothelial cells the highest expression was detected in the proestrus phase followed by the estrus phase. The diestrus group revealed the mildest expression, whereas the prepubertal and postmenopausal group showed negative results. Statistical analysis using the t-test showed statistically significant differences between two groups, except between the estrus and metestrus phases, which revealed statistically insignificant results. Table 3 and Histogram 3 reveal the results of KDR optical density in different areas of the studied groups.
As regards endometrial surface epithelial cells, the greatest expression was detected in the proestrus phase, followed by the estrus phase. The diestrus phase showed the mildest expression. The postmenopausal group showed negative results. Statistical analysis using the t-test showed statistically significant differences between two groups.
As regards endometrial glandular cells, the mean optical density peaked in the proestrus phase, followed by the estrus phase. The mildest expression was documented in the diestrus phase, whereas negative expression was noted in the postmenopausal age group.
Statistical analysis revealed statistically significant results on comparison between two groups.
As regards endometrial stromal cells, the highest expression was detected in the proestrus phase, followed This observation differed from other reports, in which the greatest uterine width was seen in the estrus phase, followed by the metestrus, diestrus, and proestrus phases. This difference might be related to the way in which the uterine wall thickness was measured: we measured it from the inner limit of the endometrium to the outer limit of the perimetrium on the same uterine wall, whereas others measured it from the perimetrium on one side to the perimetrium on the other side [19] .
During the diestrus phase, endometrial lining epithelium was pseudostratified columnar. Some of the glands were lined with simple columnar cells and others with pseudostratified columnar epithelium. Some of the endometrial and stromal cells showed pyknotic nuclei, probably apoptotic cells. This finding might correlate with the low level of estrogen in this phase. During early pregnancy, the uterine lumen was partially obliterated by blastocysts and remained patent between the blastocysts. Endometrial stromal cells appeared widely separated and rounded, with vesicular nuclei and prominent nucleoli, suggesting a decidual reaction and odematous stroma. These histological findings are similar to those seen in the pregnant human uterus with the exception of different implantation sites and different time courses [26] .
The presence of some apoptotic cells with pyknotic nuclei was reported during pregnancy in both glandular epithelial cells and stromal cells. This is in agreement with the reports of other investigators who observed apoptotic cell death in the rat endometrium during early pregnancy [27] .
Indeed, apoptosis is presumably an important part of the process of uterine remodeling before implantation of blastocysts. It has been well recognized that the rat uterine epithelium cyclically proliferates and undergoes regression during the estrus cycle. Well-developed subepithelial capillary plexus was reported in the pregnant endometrial sections of the present study as in many other studies [28] .
In the present study, the postmenopausal uterine group showed regression in the uterine wall thickness when compared with other groups. The endometrial epithelium was lined by cuboidal to low columnar epithelial cells with condensed nuclei. The few encountered endometrial glands were lined with flat or cuboidal cells. This was the basic picture of the postmenopausal endometrium [29] .
Angiogenesis is essential for mammalian endometrial development, helping in implantation and maintenance of pregnancy. An important regulator of angiogenesis is known as VEGF. It acts by binding to its transmembrane tyrosine kinase receptors Flt1 and KDR [30, 31] .
In the present work, the intensity of immunostaining of VEGF-Rs was examined in surface endometrial epithelial cells, glandular cells, stromal cells, and endothelial cells of the blood vessels in different age groups and different phases of the estrous cycle.
In this study, morphometric measurements showed that the highest intensity of reaction in surface epithelial,
Discussion
Angiogenesis is the growth of new blood vessels from pre-existing vasculature. It plays a role in the monthly growth and regression of the human endometrium under the overall control of the ovarian steroids estrogen and progesterone [15] .
VEGF is one of the major regulators of angiogenesis. It works by binding to high-affinity tyrosine kinase receptors. Two of the most important receptors are fmslike tyrosine kinase (Flt1, VEGF-R1) and the fetal liver kinase-1/kinase insert domain-containing region (Flk-1/ KDR, VEGF-R2) [16] [17] [18] .
In this study we examined the histological characteristics of the endometrium, and measured the intensities of immunostaining for VEGF-Rs Flt1 and KDR in different groups in the prepubertal, pubertal, and postmenopausal age groups and in the different phases of the estrous cycle in female albino rats to correlate histological criteria with the age and cycle phase in each group.
Significant increase in uterine wall thickness was observed in the pubertal age groups when compared with the prepubertal age group. During the estrus cycle there was variation in thickness according to the estrus phase. In the prepubertal group of the current study, the endometrial surface was lined with simple low columnar cells. Few short endometrial glands lined with cuboidal epithelium were seen, which could be explained by the low level of estradiol during this phase of development, as reported in other studies [19, 20] .
The proestrus phase revealed the least thickness during the phases of the estrous cycle. The endometrium was lined by simple columnar partially ciliated cells with underlying compact stroma. During the estrus stage, the uterine lumen was lined with pseudostratified columnar ciliated epithelium. Many of the surface and glandular epithelial cells exhibited vacuolar degeneration with pyknotic nuclei. This might be explained by apoptotic changes in the uterine components due to decrease in estradiol levels. These results are in accordance with other studies correlating low estrogen level during the estrus phase with the decrease in glandular and luminal epithelial proliferation and increased apoptosis in these cells [21] .
Menstruation is absent in rodents; hence, apoptosis and regenerative factors aid in maintaining endometrial integrity. The highest apoptotic expression occurs during the estrus phase [22, 23] .
In the metestrus phase the endometrial surface and glandular cells were lined by pseudostratified columnar epithelium. Both the endometrial epithelial and stromal cells in this phase showed vacuolar degeneration. These findings are in agreement with other studies correlating these changes to both E2 and P4 levels, which are relatively low at this stage. Mitotic figures were also observed in the lining epithelium [24, 25] .
The uterine wall revealed the greatest thickness in the diestrus phase, followed by estrus and metestrus phases.
The exact reason for this is not well understood, as the precise function of Flt1 is still under debate. Functions and signaling properties can differ depending on the developmental stage and cell type, as in endothelial and nonendothelial cells [37] .
Results of this study support the role of sex hormones in regulation of the expression of VEGF-Rs, which is mainly stimulated by estrogen and to a lesser extent by progesterone. This is in agreement with other investigators who observed foci of VEGF immunostaining in the endometrial stromal compartment, particularly during the proliferative stage, and most of this VEGF was associated with blood vessels [38] .
Estrogen exerts its action on estrogen-responsive elements, resulting in an increase in transcriptional activity. Hence, estrogen stimulates angiogenesis by acting both directly on endothelial cells and/or indirectly on other endometrial cell types through numerous potential promoters [39] .
In the current work, during the early pregnancy period (2-6 days of pregnancy), moderate epithelial, endothelial, and stromal immunostaining for both Flt1 and KDR was observed. Embryonic cells showed higher density of immunostaining compared with the surrounding stromal cells. These findings are consistent with those of others who reported moderate to weak immunoreactivity to VEGF-Rs in the epithelial and stromal cells in pregnant rats [40, 41] .
However, there was strong VEGF expression in decidual cells and strong Flt1 and KDR expression in vascular endothelial cells, in addition to high proliferative activity including endothelial cell proliferation on day 5 of pregnancy in rats [42] .
Previous studies have reported a significant increase in vascular permeability at the implantation sites relative to the myometrium and nonimplanted sites of the uteri. The blood volume increase was significant on day 7 in rats. Vascular development during embryo implantation is mainly governed by the VEGF [36] .
VEGF exerts its vasodilatory effects through activation of endothelial nitric oxide synthase and through prostacyclin synthesis [37] .
In the present study, postmenopausal endometrial sections did not express any immunoreactivity for either Flt1 or KDR. This was in accordance with the results of other investigators who found that the mean serum VEGF concentrations are lower in postmenopausal women than in premenopausal women [43] .
In the current work, the functional relationship between uterine thickness and the expression of Flt1 and KDR was difficult to interpret, although it is expected that angiogenesis would increase when endometrial thickness increases. This was in accordance with the results of other investigators who observed intensified expression of Flt1 and KDR in the secretory phase, coinciding with an increase in uterine thickness [44] . glandular, stromal, and endothelial cells of the endometrium was found in the proestrus phase of the cycle. No reaction was encountered for either receptor in any of the examined sites in the postmenopausal age group.
In the prepubertal group, weak reaction was seen for both Flt1 and KDR in the surface epithelial cells and glandular cells. Negative reaction was seen in stromal and endothelial cells of blood vessels. No previous studies examining VEGF-Rs in the prepubertal age group could be found to compare with the results in the present study. The negative reaction in endometrial stromal and endothelial cells for both Flt1 and KDR is probably due to the absence of sex steroid hormones, which regulate the expression of VEGF-Rs. The weak reaction in the endometrial epithelium for both Flt1 and KDR may be due to the requirements of the growth process that occurs in this age group [32] .
On comparing the intensity of immunoreaction in the different phases of the estrous cycle in the pubertal age group it was found that the peak value for both receptors was always encountered in the proestrus phase, followed by the estrus phase, at all examined sites. The mildest intensity for Flt1 in surface epithelial and glandular cells was observed in the metestrus phase and for the stromal and endothelial cells in the diestrus phase. However, the mildest reaction for KDR at all examined sites was detected in the diestrus phase, whereas no remarkable reaction was seen in the postmenopausal group as endometrial proliferation was due to estrogen secretion [33] .
It was also observed in the present work that KDR immunoreactivity in the endothelial cells was higher than that for Flt1. This might be explained by the fact that KDR is the main signaling receptor in the endothelium [34, 35] .
After implantation, KDR expression decreases to moderate values and is maintained by the effect of E2 and P4 secreted by the corpus luteum. This small decrease in vascularity may be essential to retain the implanted ovum in the endometrium without immunological rejection. If pregnancy does not occur, the diestrus phase follows with the presence of only P4, and this leads to decreased angiogenesis and the degenerative and quiescent state of the endometrium [36] .
In all age groups examined in this study the immunoreactivity for VEGF-Rs was higher in the epithelium than in the stroma. This might be explained by the fact that the epithelium is devoid of any blood vessels, and epithelial cells are polarized and separated from the stroma by a basement membrane; hence, it seems reasonable to assume that the epithelium is more hypoxic than the stroma and hypoxia stimulates angiogenesis [32] .
It was also observed in this study that in the epithelial and stromal cells the immunoreactivity for Flt1 was slightly higher than the immunoreactivity for KDR.
It is also observed that angiogenesis is reduced with aging and this coincides with the decreased proliferative capacity in old age and upregulation of expression of natural endogenous inhibitors of angiogenesis during aging. Reduction in VEGF expression in old animals is at least in part due to a defect in transcriptional regulation. Aging itself enhances the sensitivity of endothelial cells toward apoptotic stimuli [45] .
It was determined that the expression of VEGF and its receptors as well as that of vascular endothelial growth inhibitors (VEGIs) in the bovine uterus during the follicular and luteal phases varied in different cell types. This suggests that depending on the stage of the sexual cycle these factors may mediate the establishment of an appropriate environment for the nutritional supply and implantation of the embryo, primarily by stimulation of angiogenesis but also by increasing the secretory activity of the epithelial cells in the uterus. Furthermore, this indicates that ovarian steroid hormones play a significant role in regulating the expression of VEGF and its receptors as well as VEGI [46] . In the bitch uterus, cyclic changes may be precisely regulated by the combined functions of VEGF family members, angiogenic VEGF and VEGFRs, and by the angiogenesis inhibitor VEGI, which can help in cases of impaired angiogenesis, such as in those requiring in-vitro fertilization [47] .
Conclusion
The upregulation of Flt1 and KDR could be involved in regulating endometrial endothelial cell proliferation and in increasing endometrial vascular permeability, especially at implantation sites.
Recommendations
Further studies on Flt1 and KDR are needed to help prolong the life span of endometrial cells aiming at maintaining a successful pregnancy, especially in women suffering from habitual early abortions or from repeated failure of implantation in 'in-vitro fertilization programs'.
More experimental studies should be carried out to clear the correlation between hormonal replacement therapies and expression of VEGF-Rs and incidence of endometrial adenocarcinoma.
